Abstract Vascular endothelium is an important insulin target and plays a pivotal role in the development of metabolic insulin resistance provoked by the Western lifestyle. It acts as a "first-responder" to environmental stimuli such as nutrients, cytokines, chemokines and physical activity and regulates insulin delivery to muscle and adipose tissue and thereby affecting insulinmediated glucose disposal by these tissues. In addition, it also regulates the delivery of insulin and other appetite regulating signals from peripheral tissues to the central nervous system thus influencing the activity of nuclei that regulate hepatic glucose production, adipose tissue lipolysis and lipogenesis, as well as food consumption. Resistance to insulin's vascular actions therefore broadly impacts tissue function and contribute to metabolic dysregulation. Moreover, vascular insulin resistance negatively impacts vascular health by affecting blood pressure regulation, vessel wall inflammation and atherogenesis thereby contributing to the burden of vascular disease seen with diabetes and metabolic syndrome. In the current review, we examined the evidence that supports the general concept of vascular endothelium as a target of insulin action and discussed the biochemical and physiological consequences of vascular insulin resistance.
Overview
It is manifestly apparent that the "Western" lifestyle is a major driver for the development of insulin resistance and that the impact of this varies across different racial and ethnic groups due to variation in genetic susceptibility. Changes in both physical activity and nutrition are encompassed in this "Western" umbrella. It will be predictably complex to segregate out specific components (there will be multiple) among macronutrient selection (e.g. saturated or total fat, total carbohydrate or fructose), micronutrients and food additives [1] as well as differences in exercise or daily activity intensity, duration and frequency that occur over time.
Here we will focus on the vascular endothelium as a pivotal link in the development of metabolic insulin resistance provoked by the Western lifestyle. Several considerations drive this focus. First, the vascular endothelial cell is the first cell type to encounter blood-borne nutrients and pro-inflammatory factors as they pass through the systemic circulation. Second, the endothelial cell responds rapidly to insulin [2] and changes in shear stress as occur with activity/ exercise [3] [4] [5] . Third, it is clearly sensitive to inflammatory factors like free fatty acids [6] [7] [8] , C-reactive protein [9] , tumor necrosis factor (TNF)-α [10] , and others. Fourth, studies of the time course of development of insulin resistance in response to high fat feeding suggest that the response by the endothelial cell precedes that of other insulin target tissues [11] . Finally, vascular insulin resistance negatively impacts perfusion in important insulin sensitive target tissues like skeletal muscle and adipose tissue and this appears directly linked to impairments of insulin-mediated glucose disposal i.e. metabolic insulin resistance [12] [13] [14] .
This review hypothesizes that the vascular endothelium acts as a "first-responder" to environmental stimuli (including nutrients, cytokines, chemokines and physical activity).
resistance, largely attributable to impaired insulin-mediated nitric oxide production, can link vascular and metabolic insulin resistance [15] . This work builds on extensive investigations published over the last 30-40 years. The findings support considering the endothelium as an important insulin target tissue. When viewed from this perspective one can provide a rational role of the vasculature in regulating insulin delivery to muscle and adipose tissue and thereby affecting insulin-mediated glucose disposal by these tissues. In addition, there is a potential role of the endothelial cell in regulating the delivery of insulin [16] and other appetite regulating signals [17] from peripheral tissues to the central nervous system (CNS) and influencing the activity of nuclei that regulate hepatic glucose production [18] , adipose tissue lipolysis and lipogenesis [19] , as well as food consumption [20] . Resistance to insulin's vascular actions will impact function within each of these tissues and thereby contribute to the metabolic dysregulation that is a major component of the insulin resistance syndrome. Moreover, vascular insulin resistance can negatively impact vascular health by affecting blood pressure regulation, vessel wall inflammation and atherogenesis [21, 22] thereby contributing to the burden of vascular disease seen with diabetes and metabolic syndrome.
To develop this hypothesis, we begin by considering data that support the general concept that the vasculature is a target for insulin action and discuss the biochemical and physiological consequences of insulin's vascular action. To provide a linkage between vascular and metabolic insulin action, we will consider the case of insulin delivery to muscle being a rate-limiting step for muscle insulin action and discuss how it is impaired by insulin resistance. We will then discuss insulin delivery to the CNS in vivo and the evidence that indicates that this delivery is impaired in states of insulin resistance. Finally, we will outline some newer techniques and approaches that may, over the coming years, allow us to more fully unravel the linkage between vascular insulin resistance, metabolic dysfunction, and the increased vascular disease burden that is experienced by individuals with insulin resistance and type 2 diabetes.
The vasculature-an insulin target tissue with physiologic consequences
Insulin receptors were demonstrated on cultured endothelial cells nearly 30 years ago [23, 24] . Inasmuch as the endothelial cell does not express insulin-sensitive glucose transporters, the function of these receptors was initially uncertain. Early work suggested a role for insulin receptors in insulin uptake by and transport across the endothelial cell. Studies in the late 1990s demonstrated that insulin enhanced the activity of endothelial nitric oxide synthase (eNOS) in a calcium independent fashion [25] . This effect depended on activation of protein kinase B (PKB or Akt) which phosphorylates eNOS at serine 1177 [26] . In addition, studies in vitro demonstrated a nitric oxide-dependent vasodilator effect of insulin on arterioles from skeletal muscle [27] . Insulin also enhanced the expression of the potent vasoconstrictor endothelin-1 by endothelial cells in vitro [28] and in vivo [29] . The latter process appeared dependent on activation of the mitogenactivated protein kinase kinase (MEK)/extracellular signalregulated kinase (ERK) signaling pathway while eNOS activation proceeded via the phosphatidylinositol-3 kinase (PI3-kinase)/Akt pathway. These findings, combined with findings that insulin resistance in isolated endothelial cells, intact aorta and microvessels was selective for the PI3-kinase/Akt/eNOS pathway, led to the hypothesis that insulin might have a vasoconstrictive effect in the setting of vascular insulin resistance [30] . In aggregate, these and other studies provide convincing evidence that the endothelial cell is a target for insulin action and that insulin plays a physiological role in the regulation of vascular function.
The endothelial cell also expresses insulin-like growth factor 1 (IGF-1) as well as insulin/IGF-1 hybrid receptors [31] which have been found to be expressed at 5-10-fold greater abundance than insulin receptor. Furthermore, overexpression of the IGF-1 receptor leads to vascular insulin resistance, perhaps in part by promoting hybrid receptor formation and decreasing insulin receptor availability [32] . The hybrid receptors, like the IGF-1 receptors do not respond to physiological concentrations of insulin [33] . Unfortunately, the normal physiologic function of endothelial cell IGF-1 and Insulin/IGF-1 hybrid receptors remains obscure.
In considering the action of insulin on cultured endothelial cells, it is important to keep in mind that these cells do not necessarily mimic precisely endothelial cells in vivo. A significant difficulty with in vivo exploration of biochemical pathways of insulin action arises in part from the fact that the function of endothelial cells varies within different parts of the vasculature (arterial, venous, microvascular etc.) and from the reality that the endothelial cell is only a minor component of most tissues (e.g. muscle, heart, brain, adipose tissue etc.). Therefore, traditional approaches to tissue homogenization and metabolite or protein assay are often not viable options for examining endothelial cell specific responses to insulin or to insulin resistance within an organ like muscle or fat. Other approaches have been to use large vessels (e.g. aorta, umbilical vein) or easily accessible arterioles (e.g. mesentery) and assume that this endothelium will reflect the behavior of the endothelium within metabolically active tissues. This is likely an oversimplification [34] . The principal exception to this is the lung where the endothelial cell composes a significant fraction of the total tissue mass, however lung endothelium may be more specialized to its particular physiological role and not be representative of endothelium in other insulin responsive tissues.
With these limitations in mind, investigators have shown that within the endothelial cell insulin activates the canonical signaling pathways that have been described in classical insulin target tissues. This includes tyrosine phosphorylation of insulin receptor substrate (IRS) proteins [10, 35, 36] with subsequent signaling through PI3-kinase and activation of Akt and eNOS. The eNOS is a substrate for both Akt and AMP-kinase as well as protein kinase A and other kinases [37] . The demonstration that insulin activation of Akt in endothelial cells enhanced nitric oxide production clarified an important aspect of insulin action to cause vascular relaxation and enhance blood flow which had been demonstrated by multiple clinical studies in the early 1990s [38] . Such clinical studies had reported diminished vasorelaxation in response to insulin in insulin resistance states like obesity, hypertension, and type 2 diabetes.
Insulin also increases the endothelin-1 expression by endothelial cells [28] . This occurs at insulin concentrations that mimic the characteristic dose response of insulin binding to the insulin receptor. The production of endothelin-1 is inhibited by blockade of insulin signaling through the MAPkinase pathway. It is also known that circulating concentrations of endothelin-1 are modestly increased in insulin resistant states and blockade of endothelin receptors, in the presence or absence of added insulin, enhances glucose disposal within human forearm tissue [39] . These findings argue for a significant physiological role for insulin-regulated endothelin-1 production in regulation of vasoconstrictor tone.
The endothelial cell uptake of glucose is rapid, is glucose transporter (GLUT)-4 independent (GLUT-1 appears to be the predominant glucose transporter) and occurs in proportion to the plasma glucose concentration [40] . As a result, the intracellular glucose concentration during hyperglycemia feeds substrate into glycolytic pathways which may account for increased production of reactive oxygen species that contribute to endothelial injury, dysfunction, and the microvascular pathology of diabetes [40] .
Little is known with regard to insulin's actions to modulate the intracellular metabolism of glucose within the endothelial cell. Endothelial cells have very little glycogen, and appear to have limited ability to convert carbohydrates into fat. High concentrations of glucose appear capable of provoking glycosylation of eNOS on the same residue (serine 1177) that is a target for insulin-activated Akt [41] . This may in part explain the ability of acute increases in circulating glucose concentrations to provoke endothelial dysfunction [42] (manifest as impaired flow-mediated dilation) and increase circulating cytokine concentrations within 2-3 h.
The enzyme fatty acid synthase is expressed in endothelial cells and appears to play an interesting role in sustaining the activity of eNOS by selectively supporting palmitoylation of eNOS in the endoplasmic reticulum and thereby promoting its targeting to the plasma membrane. In cultured cell and mouse models, decreasing fatty acid synthase activity causes a phenotypic change to a more pro-inflammatory endothelium. The endothelial cell responds differently to the palmitate synthesized within the endothelial cell compared to exogenous supplied palmitate or other fatty acids. The latter by supplying excessive nutrient that is oxidized by the mitochondrial electron transport chain promotes excess production of superoxide, decreases eNOS activity and the expression of prostacyclin [43] and promotes endothelial cell insulin resistance at least in part by decreasing endothelial cell IRS1 and IRS2 contents [35] . Impaired insulin signaling within the endothelial cell may also decrease the activity of acetyl-CoA carboxylase preventing inhibition of carnitine palmitoyltransferase I (CPT1) by malonyl-CoA thereby adding a permissive effect on enhanced fatty acid oxidation. In clinical studies excess FFA levels secondary to lipid infusion [8] as well as an acute high fat meal can cause endothelial dysfunction. A high fat meal can also acutely increase plasma endotoxin concentrations [44] , again supporting the endothelium as an early sensor and responder to factors that provoke insulin resistance. Thus, excess nutrient supply (of either carbohydrate or fat) adversely affects the endothelial cell.
The transport of insulin-cellular studies
Early studies from the laboratories of George King [23, 45] and Robert Bar [24, 46, 47] explored the "barrier function" of the endothelium with regard to insulin. They demonstrated that endothelial cells bind insulin via the insulin receptor, internalize the insulin and that insulin receptors were involved in the movement of insulin across the endothelial barrier [48] . Though there has been some controversy as to whether in vivo insulin's transport into target tissues is a saturable process, the majority of data indicate that in both muscle [49] and brain [16] insulin entry is via a saturable transport process. The exact mechanism by which the endothelial cell moves insulin from the luminal to the antiluminal surface thereby making it available to the target tissue may differ between tissues as the structure of the endothelium varies widely in different organs. Liver has a discontinuous endothelium which allows free access of relatively large molecules like insulin. Tissues with "relatively" tight continuous endothelial barriers like muscle and fat pose a more significant barrier to insulin access. The extremely tight endothelium of the blood-brain barrier provides an even more challenging issue. We have reviewed elsewhere evidence that the access of insulin to skeletal muscle interstitium is a saturable process [15] . Extensive work from several laboratories has likewise demonstrated that movement of insulin into cerebrospinal fluid follows saturation kinetics [16] and it is slowed by insulin resistance evoked by high fat diet [50] or dexamethasone. Because insulin action in muscle, fat, and CNS is critical to normal metabolic function, we have pursued further the cellular mechanisms by which insulin may cross a tight endothelium. Interesting findings over the past several years suggest that insulin associates with specialized lipid raft domains in the endothelial cell called caveolae. These structures form invaginations on both the luminal and anti-luminal membrane of the endothelial cell and can apparently migrate between the two surfaces allowing exchange of intravesicular contents with the surrounding media. While a number of investigators had postulated such a mechanism might mediate movement of macromolecules between plasma and the interstitial compartment of various tissues, progress in actually identifying the agents responsible has been slow.
Results of studies of albumin transport across lung microvascular endothelium provide convincing evidence for a role of caveolae [51, 52] . More recently, we have shown that knock down or deletion of the principal structural protein of caveolae (caveolin-1) [53] , or disruption of caveolae using cholesterol-binding detergents [54] substantially blocks insulin uptake by and transport across endothelial monolayers.
Imaging studies have also clearly demonstrated a spatial relationship between caveolin-1 and insulin receptors within endothelial cells [54] . In aggregate, these data strongly support a working hypothesis that insulin movement out of the vasculature to the interstitial compartment in tissues containing continuous endothelial lining involves a vesicular transport process. Details of how this vesicular machinery supports insulin transport and how it is impacted by insulin resistance are only beginning to emerge. It does appear that insulin must act on the endothelial cell in order to promote its own uptake and transfer [55] . Inhibiting either the PI3-kinase or the MAPkinase pathways of insulin action interferes with insulin transport by bovine aortic endothelial cells. Likewise, interfering with SRC-kinase [55] or with actin polymerization disrupts insulin transport [56] . SRC-kinase is known to phosphorylate tyrosine 14 of caveolin-1 and this modification appears necessary for caveolar transport function [51] . We have recently observed that inhibition of insulin-induced nitric oxide generation by the endothelial cell is sufficient to block insulin transport (Wang and Barrett, unpublished observation). It appears that a network of signaling pathways downstream of the insulin receptor participate in the regulation of insulin transport. Unraveling the details of these processes will require further investigation to address specifically the role of insulin in the regulation of caveolae transport by the endothelial cell. Initial studies have suggested that insulin resistance (simulated by the addition of relatively low concentrations of TNF-α or IL-6) interfere with both endothelial cell insulin signaling and insulin transport [55] . Most of this work has been performed in cultured endothelial cells. Just how this might reflect the in vivo insulin transport in important tissues like skeletal muscle, adipose tissue, and brain is not known at this time. These effects of TNF-α or IL-6 require only 8-24 h to be manifest, indicating that the endothelial cell can respond very quickly to agents that provoke insulin resistance. Along this line, interesting studies from Kim et al. report that in vivo aortic tissue becomes "insulin resistant" as judged by impaired insulin-induced Akt phosphorylation much earlier than liver, muscle or fat tissue in animals fed a high fat diet [11] . However, others have observed rapid peripheral insulin resistance following short term overfeeding [57] , so this temporal relationship remains controversial.
The endothelial control of insulin delivery is rate limiting for muscle insulin action
These findings occurred near simultaneous with the demonstration that in humans insulin could increase limb blood flow and that enhancement of flow was blocked by inhibition of eNOS [58] . Not only can insulin increase total blood flow to skeletal muscle, but at even lower concentrations [59] and significantly more promptly [60] . Insulin expands the volume of microvasculature perfused within skeletal muscle and adipose tissue [61] . This expanded microvascular volume occurs even under conditions where total blood flow is unchanged. Inasmuch as the endothelial surface area is (along with blood flow and endothelial permeability) an important determinant of the transfer of insulin and nutrients to skeletal muscle, it appeared that normal insulin action promoted its own delivery to muscle tissue. We have elsewhere discussed in detail data which supports the important role for insulin delivery to skeletal muscle interstitium as a regulator of muscle glucose disposal [15] . Support for this includes studies of whole body insulin kinetics that demonstrate a slow exchange of insulin between plasma and skeletal muscle which strongly correlates with insulin mediated glucose disposal as measured during the euglycemic insulin clamp procedure [62] . This is further supported by data demonstrating an excellent correlation between insulinmediated glucose disposal (again under clamp conditions) and interstitial muscle insulin concentration as assessed by sampling lymphatic drainage [63, 64] . Finally, studies using microdialysis demonstrate both a significant plasma to muscle interstitial insulin concentration gradient during steadystate hyperinsulinemia throughout the physiologic range of plasma insulin concentrations [65, 66] and a slow rate of transfer of insulin from plasma to the muscle interstitium [67] . These consistent findings across several different methodologies strongly support the conclusion that insulin delivery to muscle interstitium is an important determinant of glucose disposal. Nearly all of the studies addressing this have used the insulin clamp procedure. In these studies a steady-state of hyperinsulinemia is maintained for up to 4 h to allow estimates of the rate of insulin transfer. It can be anticipated that under more physiologic conditions (oral glucose or meal tolerance testing) where plasma insulin increases only transiently, the barrier imposed by slow delivery of insulin to muscle will only more dramatically impact muscle glucose disposal. Peterson et al. clearly summarized how muscle insulin resistance by promoting hyperinsulinemia in the setting of postprandial hyperglycemia would lead to excessive stimulation of hepatic glucose uptake and metabolism supplying substrate for triglyceride production and contributing to the dyslipidemia characteristic of the insulin resistance syndrome [68] .
The endothelium controls insulin delivery to the CNS
Insulin transport into the CNS poses a particularly interesting challenge. A number of early studies had demonstrated a significant gradient between concentrations of insulin in circulating plasma and in the cerebrospinal fluid (CSF), with the latter being typically only 5-10 % of that in circulating plasma. Moreover, insulin transport into the CSF appeared to occur via a saturable process, much like that responsible for its transfer into muscle and intriguingly the rate of insulin's movement into the CSF is impaired by obesity [50] or glucocorticoids concordantly with the development of insulin resistance. However, it is not certain that insulin concentrations in the CSF necessarily reflect insulin concentration in specific areas of the brain where insulin may be having significant metabolic effects. As has been pointed out by Pardridge, the CSF fluid may not reflect the milieu bathing specific nuclei where insulin may have important actions on either appetite/satiety, thermogenesis, sympathetic tone or other functions [69] . In some areas of the brain like the Nucleus of the Solitary Tract (NTS) and area postrema and perhaps areas of hypothalamus the blood brain barrier is thought to be less "tight" and may form less of an obstacle to insulin movement. However, studies directly examining this are lacking.
Recent studies have suggested a very important role for insulin acting at hypothalamic nuclei in the control of hepatic glucose output [70] and of lipolysis in adipose tissue [19] . However, this area of investigation is also not without controversy [71] . In particular the concentrations of insulin utilized in most of the studies that involve its intrathecal instillation far exceed those achieved in CSF during systemic insulin infusion. As a result, the physiologic significance of observed changes in hepatic glucose production and adipose lipolysis regulation secondary to insulin delivery to the third ventricle of laboratory rodents remains an open question. Currently there really is no information available regarding the rates of insulin transfer from plasma to selective CNS nuclei. It is very clear that multiple areas of the brain express high levels of insulin receptors [72] . The function of these receptors is beginning to be unraveled through the use of knockout models that are specific for particular nuclei within the CNS [20] . While such studies likely allow painstaking construction of a map of the CNS indicating specific insulin-modulated functions of particular nuclei, it is not clear that they will directly bear on the question of the kinetics of insulin access to these potential target sites.
Methodological limitations
We have recently discussed some of the limitations for measuring insulin's rate of entry into skeletal muscle [15] . While techniques of microdialysis, lymphatic sampling and direct arterial/venous difference measurements have been used, each has significant limitations [73] . Limitations to assessing the kinetics of insulin's CNS actions, particularly in clinical studies are substantially more severe, especially efforts to look at specific CNS nuclei. However, given the apparently important role for trans-endothelial insulin transport in determining the temporal response to systemic increases in plasma insulin, efforts to better understand both the molecular processes involved and the sites for potential therapeutic intervention are clearly warranted. Perhaps in the not distant future techniques like positron emission scanning or blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI) will provide useful approaches to examine the delivery of proteins like insulin to important target tissues.
Summary
We have tried to show how resistance to insulin's vascular actions at any level of the arterial tree may lead to clinically evident disease processes. At the level of the conduit vessels it accelerates atherosclerosis. At the level of resistance vessels it enhances the risk for hypertension. In small arterioles it can diminish the nutrient exchange surface thereby limiting insulin access to the tissue and promoting metabolic insulin resistance. In healthy individuals acute changes in nutritional intake rapidly impact function within the vasculature as a result of targeting the endothelial cell. The consequence of this is to acutely change vascular function. These effects are transient following a single meal. However, if these changes are recurring over time secondary to a persistent nutrient surfeit, particularly in those genetically pre-disposed, it may be the earliest contributor both to metabolic abnormalities and to vascular injury that plagues those with metabolic syndrome and type 2 diabetes.
